A B S T R A C T A series of experiments were performed upon intact anesthetized dogs to determine the relevance of a variety of hemodynamic variables to the irregular ventricular performance associated with atrial fibrillation. During experimentally induced atrial fibrillation central aortic pulse pressure was measured in relation to the duration of the preceding diastolic interval, the relative degree of cycle-length change, the magnitude of the preceding aortic end-diastolic pressure, the rate of ventricular tension development (at a fixed diastolic tension), and to ventricular end-diastolic pressure. While all of the latter variables bore a significant relation to the chosen parameters of ventricular function, the most linear correlation lay with the rate of ventricular tension development. It has been suggested, as a consequence, that the irregular ventricular performance observed during atrial fibrillation under these experimental conditions, may be more directly related to variation in the inotropic state of the ventricular myocardium than to an expression of the Frank-Starling concept, resulting from variable ventricular filling. The lability of the inotropic or contractile state has in turn been attributed to abrupt cycle-length change effecting inotropic alteration analogous to postextrasystolic potentiation of contractility and, at rapid rates, effecting an alternation of the contractile state.
INTRODUCTION
The strength of ventricular contractions varies markedly in the presence of atrial fibrillation with normal atrioventricular (A-V) conduction (1) (2) (3) (4) (5) (6) (7) . This variation is manifested by wide fluctuations in systolic pressure, pulse pressure, and, often, by an apical/radial "pulse deficit." And the basis for the phenomenon has Received for publication 10 June 1969 and in revised form 27 October 1969. been a subject of considerable interest since the description of the arrhythmia by Lewis (8) in 1912. In general, it has been suggested that the variation in ventricular function is the consequence of the variable diastolic filling interval (1) (2) (3) (4) (5) (6) (7) ; the more forceful ventricular contractions terminate the longer diastolic periods. Einthoven and Korteweg (1) , in 1915, concluded that the lower aortic diastolic pressure after the longer diastolic filling period permitted a more forceful ventricular contraction. Other investigators (4) (5) (6) (7) have suggested that the association of long diastolic periods with more forceful contraction is attributable to the Frank-Starling phenomenon; a longer diastolic interval permits greater filling and a larger end-diastolic volume, from which a more forceful ventricular contraction ensues. Also invoked (5) has been a direct correlation between end-systolic "volume" and the height of the succeeding pressure pulse. In this manner, a more forceful contraction yields a smaller end-systolic volume from which ventricular filling is initiated during the subsequent diastole. Conversely, a weak contraction leaves a greater endsystolic volume. Thus, the subsequent end-diastolic volume may vary independently of the duration of the diastolic filling period per se. This latter hypothesis is also in accord with the Frank-Starling mechanism, suggesting that the variation in ventricular function during atrial fibrillation is a function of both end-systolic residual volume and diastolic filling volume and, hence, of variable left ventricular end-diastolic volumes.
The possible role of variation in the contractile or inotropic state of the myocardium has not been considered in these postulations, however. If inotropy is defined in terms of the velocity of shortening of the contractile elements (9) 
RESULTS
The relation of aortic pulse pressure (an index of ventricular performance found to correlate closely with stroke volume [7] ) to the duration of the preceding diastolic interval, in atrial fibrillation with an irregular ventricular response, is exhibited in Fig. 1 development is related to the relative length of the preceding cycle-length (i.e, CL2/GL1). Again, using the same data as in Figs. 1, 3 , and 4, a significant correlation is present (r = 0.688, P < 0.001).
is a tendency for the pulse pressure to increase after the longer diastolic interval, there is a wide scatter of observed values (correlation coefficient, r = 0.532, P < 0.001). Fig. 2 presents a representative recording, illustrating the inconsistent relation of systemic pulse pressure to the duration of the preceding diastole. It is to be noted that the long diastolic filling interval is terminated by a more forceful contraction particularly when the long interval succeeds a short one (and in direct proportion to the ratio of the long interval/short interval). The effect of abrupt cycle-length alteration upon ventricular performance is summarized in Fig. 3 . A distinct correlation is noted here between the relative degree of cycle-length change and the magnitude of the pulse pressure produced by the succeeding systole. That is, the relatively prolonged cycle-length is terminated by a ventricular contraction yielding a widened pulse pressure; the relatively premature contraction, on the other hand, gives rise to a more narrow pulse pressure. As mentioned, a correlation is observed here (r = 0.730, P < 0.001) which is somewhat more linear (the significance of the differences, P = 0.02) than that obInotropic Variation during Atrial Fibrillation served in Fig. 1 , although considerable scattering of the data occurs in this circumstance as well. Using data derived from the same experiment from which Figs. 1-3 have been constructed, one finds a more precise correlation between the rate (dT/dt) of ventricular tension development (reflecting, here, variation in the intensity of the inotropic state) and the magnitude of the associated pulse pressure (Fig. 4 , r = 0.818, P < 0.001). Thus, evidence has been provided which suggests that inotropic variation may in fact be of significance in determining the irregular ventricular performance associated with atrial fibrillation. This correlation is also significantly better (P < 0.0002) than that seen in Fig. 1 , but does not differ significantly from that seen in Fig. 2 (P = 0.12). It is to be noted here that similar results were obtained in four additional experiments.
Assuming, furthermore, that this contractile variability may be interval-dependent in origin, we attempted to determine the relation, if any, of these parameters. A significant though not linear (correlation coefficient, r = 0.688, P < 0.001 ) relation of cycle-length alteration to the subsequent contractile response (as reflected by the first derivative of ventricular wall tension development) is shown in Fig. 5 . That is, a cycle-length that is relatively prolonged (in relation to the prior cyclelength) is terminated by a contraction of enhanced vigor; in addition, the degree of contractile potentiation is directly related to the relative degree of cycle-length change. This phenomenon is analogous to the frequently recognized postextrasystolic, poststimulation, and rest potentiation of contractility. Conversely, a relatively abbreviated cycle-length (i.e. one which is shorter than the previous cycle-length) is terminated by a contraction which exhibits a depressed contractile state, and the more premature contraction is attended by an even greater depression of the contractile state. Another example of inotropic variation, also apparently interval-dependent, is illustrated in Fig. 2 . Here, an alternation of contractile force occurs after the potentiated contraction terminating the diastolic interval labeled 0.40 sec. In spite of virtually unchanging diastolic intervals (the first interval is slightly longer but the rest remain unchanged), the next five contrac-
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R. E. Edmands, K. Greenspan, and C. Fisch tions alternate in intensity. This sequence is analogous to mechanical alternans (12, 14) , since it is precipitated by abrupt rate change and manifests an alternation of the inotropic state, reflected in the alternating rate of contractile shortening (dT/dt). Another group of experiments was constructed to assess the relation of end-diastolic ventricular pressure (variation of which is presumed to reflect a variation in end-diastolic volume) to the pulse pressure of the subsequent ventricular contraction. These data are illustrated in Fig. 6 . A direct correlation between these two parameters is present (correlation coefficient, r = 0.450, P < 0.01). In Fig. 7 , the effect of after-load is considered. A negative correlation (r = -0.521, P < 0.01) is found between aortic diastolic pressure and the subsequent pulse pressure. Utilizing data from the same experiments, a more precise correlation (correlation coefficient, r= 0.878 (P < 0.001) is observed between the rate of ventricular tension development (as measured by the strain gauge) and the resultant pulse pressure. This association is demonstrated in Fig. 8 . The relation of contractile state to pulse pressure variation is also significantly better (P < 0.0002) than either of the other two correlations (which do not differ significantly, one from the other). Fig. 9 , in turn, exhibits a representative recording from the above experiment, in which disparities may be observed between end-diastolic ventricular pressure and the subsequent peak ventricular systolic pressure. Similar results were observed in four other experiments.
DISCUSSION
These data suggest that several factors must be considered to contribute to the variable pulse pressure encountered in the course of atrial fibrillation. And, while both the absolute duration of diastolic filling and the relative degree of cycle-length change correlate significantly with the subsequent pulse pressure, variation in the contractile state relates significantly better to this expression of variable ventricular function. Such a distinction, however, does not clearly assess the pertinence of the contractile state as opposed to ventricular filling volume; both diastolic filling intervals and cyclelength change bear some relation to interval-dependent ing its performance by interval-dependent means (assuming an ultimate "ceiling" to contractile performance). As a consequence, variation in ventricular function in atrial fibrillation may be less dependent upon intervaldependent contractile change when the myocardium is under the influence of the cardiac glycosides.
And, while abrupt cycle-length change is indeed attended by contractile alteration analogous to postextrasystolic potentiation and extrasystolic depression of contraction, a second temporal variable is to be considered in the description of the inotropic variation. Mechanical alternans, of variable duration and constituted by alternation of contractile state without relation to cycle-length change is commonly observed after abrupt rate change (12, 14) . Other investigators (20) have, nevertheless, found mechanical alternans to be associated with alternating end-diastolic fiber lengths. And, while such an alternation in end-diastolic volume may well constitute a primary mechanism for pulsus alternans in some circumstances, an alternative explanation is offered here. It is suggested that an alternation of the contractile state, evoked by abrupt rate change, may well yield an alternation of end-diastolic volume. The more vigorous contraction would presumably leave a smaller end-systolic residuum while the weaker contraction would leave a larger end-systolic residuum. Thus, with unchanging diastolic filling intervals, one would anticipate that the smaller end-diastolic volume should precede the weaker contraction, while the largerend-diastolic volume should precede the stronger con-traction of the alternans. As a consequence, it is suggested that mechanical alternans, in addition to the observed "postextrasystolic" contractile phenomenon, accounts in great part for the complex variation in inotropic state during the ventricular response to atrial fibrillation. Such interval-dependent contractile alterations appear to reflect an intrinsic property of myocardial tissue common to most mammalian species, for other studies (11) have shown that postextrasystolic potentiation is not dependent upon catecholamine stores or adrenergic innervation.
